Flexible transparent conductive films on PET 
substrates with an AZO/AgNW/AZO sandwich 
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Hybrid transparent conductive films (TCFs) with a sandwich structure composed of aluminum-doped zinc 


oxide (AZO) and Ag nanowires (AgNWs) were deposited on polyethylene terephthalate (PET) substrates. The 


AZO layers were prepared at room temperature by RF magnetron sputtering. The AgNWs were synthesized 
by a modified polyol method and inserted into the AZO layers. The optical properties and conductivity can 


be modified by the number of spin-coating cycles of an AgNWs suspension. Typically, an AZO/AgNW/AZO 


hybrid film exhibited an optical transmittance of 80.5%, a sheet resistance of 27.6 Q sq~! and an optical haze 


of 14.9%. The increase in optical haze caused by the silver nanowires may be beneficial for applications in 


solar cells. The hybrid films presented excellent flexible stability, showing only minor resistance changes and 


no surface cracks compared with pure AZO films. The AZO layers acted as the protecting layers that 
enhanced the adhesive and thermal stability of the hybrid films. The resulting hybrid TCFs with an AZO/ 
AgNW/AZO sandwich structure show potential applications in flexible electronics, energy storage and 


photovoltaic devices. 


1 Introduction 


In recent years, increasing attention has been devoted to 
transparent conductive films (TCFs) because of their various 
applications in liquid crystal displays, touch panels,’ solar 
cells* and organic light-emitting diodes.* For these applications, 
most TCFs are based on indium tin oxide (ITO) due to its high 
transparency and high conductivity. However, the limited 
availability of indium and the high cost deposition result in 
increasing price of ITO-based TCFs. In addition, the brittle 
nature of ITO films limits its application in flexible electronics 
because the films crack easily when the substrate is bent. To 
solve these problems, various indium-free materials, including 
other oxide films,**® metal thin films,” metal nanowires,*° gra- 
phene* and carbon nanotubes," have been investigated as 
compelling alternatives to ITO. Among these alternatives, 
AgNW films have been attracting greater interest because of 
their intriguing electrical, optical and mechanical proper- 
ties.’2*3 Furthermore, bulk silver exhibits the highest electrical 
and thermal conductivities among all metal elements. The 
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AgNW films exhibit comparative optoelectronic properties to 
ITO which is helpful for improvement of power conversion 
efficiency of solar cells** and luminous efficiency of light emit- 
ting diodes (LEDs). The AgNW films are also compatible with 
flexible substrates and large scale deposition, such as roll-to-roll 
printing." 

Pure AgNW films also have some drawbacks, such as high 
surface roughness and poor adhesion, which render them 
incompatible with solar cell applications.” Furthermore, 
oxidation and corrosion occur easily when the bare AgNWs are 
exposed to air over certain period of time. When used in elec- 
tronic devices, thermal instability is also an issue.** Recently, 
methods have been adopted to solve these problems. Hybrid 
transparent and conducting films based on AgNWs composited 
with polymer,” graphene,” ITO” and pure ZnO” have recently 
been investigated. However, the thermal instability of con- 
ducting polymers, deposition uniformity of larger scale gra- 
phene, scarcity of indium and electrical property limitation of 
pure ZnO will give new issues. Therefore, finding hybrid films 
with low cost and high quality is an important research aim. In 
all transparent conductive oxides (TCOs), ZnO-based trans- 
parent conductive thin films are a promising alternative to ITO, 
as they have perfect optoelectronic performance, as well as 
effective cost and non-toxic.” 

Many strategies have been used to synthesize silver nano- 
wires, such as polyol, hydrothermal, seed-mediated and 
template growth methods.” * Among these synthesis methods, 
the polyol method has been widely used because of its low cost, 


high yield and simplicity. In this method, silver nitrate is 
reduced by ethylene glycol in the presence of PVP, which 
controls the growth rates of various faces of silver to form 
nanowires.” In addition, the morphology of silver is influenced 
by some salts. In Xia and his co-workers’ previous research, the 
addition of the salts (CuCl, CuCl,) has been shown to success- 
fully synthesize the silver nanowires by reducing the level of free 
Ag” present initially.” Based on this, we developed the polyol 
method to synthesize silver nanowires in a large scale by adding 
a trace amount of Na,S in place of CuCl or CuCl). 

In this work, we successfully synthesized large scale silver 
nanowires by a modified polyol method. The AgNW networks 
were embedded in AZO films which were fabricated by 
magnetron sputtering. The optical and electrical properties of 
hybrid sandwich films with various AgNW densities were 
investigated. A typical AZO/AgNW/AZO hybrid film exhibited a 
transmittance of 80.5%, a sheet resistance of 27.6 Q sq ‘anda 
haze of 14.9%, as well as perfect flexibility, adhesivity and 
thermal stability. 


2 Experimental 
2.1 Materials 


All reagents - silver nitrate (AgNO3;), poly (vinylpyrrolidone) 
(PVP, K-30), sodium sulfide (Na,S), ethylene glycol (EG) and 
acetone - were of analytical grade and were purchased from 
Sinopharm Chemical Reagent Co., Ltd. 


2.2 Synthesis of silver nanowires 


Silver nanowires were fabricated by a modified polyol reduction 
process. In a typical synthesis, 150 ml of 0.15 M PVP EG solution 
in a three-neck flask was heated to 165 °C. After approximately 
one hour when the temperature was stable, 120 ul of 0.1 M NaS 
EG solution was added and stirred for 10 min. Subsequently, 
150 ml of 0.1 M AgNO; EG solution was added to the flask drop- 
by-drop at a rate of 15 ml min™*. After 20 min, the solution 
became dark gray followed by the solution becoming bright 
gray, indicating the fabrication of sliver nanowires. Then the 
solution was cooled to room temperature and was centrifuged 
with the addition of acetone three times at 2000 rpm for 20 min 
to remove solvent (EG), PVP and other impurities in the 
supernatant. After the final centrifuge, the AgNWs were redis- 
persed in ethanol with a concentration of 1 mg ml’. 


2.3 Fabrication of hybrid films, pure AZO film and pure 
AgNW films 


The AZO/AgNW/AZO hybrid films were prepared by radio 
frequency magnetron sputtering at room temperature with 
various AgNW densities. The bottom AZO layer was sputtered on 
the PET substrate using an AZO target at a contrast RF power of 
200 W, an Ar flow of 30 sccm, and a working pressure of 
3 mTorr. The middle AgNW layer was deposited on the bottom 
AZO layer by spin-coating an AgNW suspension with various 
spin-coating times. Then, the film was dried at 60 °C for 3 min. 
Finally, the top AZO layer was deposited on the AgNW layer 
under the same sputtering conditions. The pure AZO film was 


deposited under the same conditions, except for an AgNW layer, 
which was not deposited. Pure AgNW films were prepared by the 
spin-coating of an AgNW suspension. 


2.4 Characterization and measurement 


Structural characterization of the films was performed using 
X-ray diffraction (XRD) on a Bruker AXS D8 Advance diffrac- 
tometer with Cu Ka radiation (A = 0.1542 nm). The optical 
transmittance, haze and absorption of the AZO film and AZO/ 
AgNW/AZO hybrid films were obtained at room temperature 
using a UV-vis spectrophotometer (Perkin-Elmer, Lambda 950, 
USA) with an integrating sphere. The sheet resistance was 
measured by a four-point probe system (Napson Corp. Cresbox). 
The surface morphologies of AgNWs and its hybrid films were 
examined by SEM (Hitachi S-4800). The hybrid TCFs were pre- 
treated prior to obtaining cross-sectional images by immersing 
the samples in liquid N, and then cutting them. The trans- 
mission electron microscope (TEM) image was obtained on a 
JEOL-2100 instrument. The mechanical stability tests were 
performed using a homemade instrument that had a bending 
radius of approximately 3 mm and a bending speed of one cycle 
per second. The adhesion test was performed using 3M stock 
tapes. The thermal stability test was performed by measuring 
the variation in the resistance of films as a function of time at a 
temperature of 100 °C in air. 


3 Results and discussion 
3.1 Microstructure of AgNWs 


The AgNWs which were synthesized by the modified polyol 
reduction method were characterized by SEM and TEM, as 
shown in Fig. 1a and b. No other morphology of AgNWs was 
observed; therefore, the yield of AgNWs is almost 100% by this 
method. Fig. 1c and d show the distributions of diameter and 
length by measuring 100 nanowires. The silver nanowires 
present a relatively high aspect ratio (approximately 200) with 
an average diameter of 87.8 nm and average length of 16.3 um. 
Fig. 2 shows the XRD pattern of dried silver nanowires. The 
three strongest peaks can be observed at 38.2°, 44.4° and 64.5°, 
which were attributed to the diffraction of the (111), (200) and 
(220) crystalline planes of the face-centered structure of silver, 
respectively, according to the Silver Joint Committee on Powder 
Diffraction Standards Database (file no. 04-0783). The calcu- 
lated lattice constant according to the (111) peak is approxi- 
mately 4.083 A, which is consistent with the standard value of 
4.086 A. It reveals that high purity FCC silver can be synthetized 
by the modified polyol method. 


3.2 Microstructure of AZO/AgNW/AZO hybrid films 


The AZO/AgNW/AZO hybrid films were fabricated by inserting 
the AgNW film between two sputtered AZO layers which served 
as the filler in the AgNW holes (Fig. 3a). The synthesized hybrid 
films sample AZO/3AgNW/AZO (3AgNW represents AgNW with 
spin times = 3) with Ty99-14200 nm = 71.3%, Ts550 nm (excluding 
PET substrate) = 80.5% and R, = 27.6 Q sq * is shown in 
Fig. 3b. The thickness of a single AZO layer is approximately 
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(a) SEM image of synthesized silver nanowires at low magnification. (b) SEM image of synthesized silver nanowires at large magnification. 


(Inset: TEM image of silver nanowire.) (c) Histogram of diameter size distribution (100 nanowires measured). (d) Histogram of length size 


distribution (100 nanowires measured). 
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Fig. 2 XRD pattern of silver nanowires. 


50 nm, which is close to the diameter of the AgNWs (Fig. 3c). 
Fig. 3d shows that the AgNWs are tightly connected with each 
other, which reduces the connect resistance between AgNWs 


(a) 


and enhances conductivity of the AgNW films. The surface of an 
AgNW was covered with the AZO crystalline grain. Fig. 3d 
reveals that the spin-coated AgNW films are relatively uniform 
over a large scale. 


3.3 Optical and electrical properties of AZO/AgNW/AZO 
hybrid films 


Fig. 4 shows the optical transmittance and reflectance of AZO/ 
AgNW/AZO hybrid films. The absorption curve was plotted by 
subtracting the transmittance and reflectance of these films 
from 100%. The pure AZO film shows comparable high optical 
transmittance in the visible wavelength region, but a large loss 
in the near-infrared wavelength region, which is attributed to 
the plasma resonance of free carriers.** When the AgNWs were 
inserted as previously described, the transmittance of films 
decreased with an increase in the number of spin-coating 
cycles. This change is mainly due to the reflecting and scattering 


Deposition of bottom AZO layer 


Fig. 3 
AZO/3AQGNW/AZO hybrid film. 
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(a) Schematic of hybrid film preparation. (b) SEM image of the AZO/3AgNW/AZO hybrid film. (c) and (d) SEM cross-sectional images of the 
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Fig. 4 
the AgNW suspension. 


light by the AgNWs and the interface between AgNWs and the 
AZO layer. However, with increase in the density of AgNWs, the 
films showed a lower sheet resistance (Table 1). The sample of 
AZO/8AgNW/AZO had a sheet resistance of 6.4 Q sq *. These 
results indicated that the AgNW density on the surface of films 
is a variable that can be used to adjust the optical and electrical 
properties of AZO/AgNW/AZO hybrid films. 

As has been done in previous research, an equation was used 
to elucidate the electrical contribution of the AgNWs in AZO/ 
AgNW/AZO.24 


1 2 1 (1) 


= T 
Riotal Razo Ragnw 


where Riota Razo, and Ragnw are the sheet resistance of the 
hybrid film, the AZO film, and the AgNW film, respectively. 
When the hybrid film was fabricated with low AgNW density 
(spin times = 1), there was no obvious change in sheet resis- 
tance compared with the pure AZO film. This lack of change is 
because the AgNWs were not inter-connected and the AZO 
layers were dominant in the conductivity of the hybrid film. 
However, when the AgNW density reached to a criticality (spin 
times = 3), the AgNW film exhibited an enhanced conductivity 
that greatly contributed to the low sheet resistance of the hybrid 
film. This phenomenon is in agreement with the predictions of 
eqn (1). 

Furthermore, to determine which hybrid film has the best 
performance, the figure of merit (Ø) is introduced.* 


T! 


t= 


(2) 


where T and R, are the transmittance at a wavelength of 550 nm 
and sheet resistance of the film, respectively. According to Table 
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(a) Optical transmittance and (b) absorption of the AZO film and AZO/AgNW/AZO hybrid films with various spin times (sp = 1, 2, 3, 5, 8) of 


1, the hybrid film with the best optoelectronic characteristics is 
the sample AZO/3AgNW/AZO with a figure of merit of 4.1 x 107? 
Qt, which is near to that of ITO on PET.” This result indicates 
that a certain amount of AgNWs are beneficial for the figure of 
merit. When the AgNW density is too low, the figure of merit is 
inferior to that of the pure AZO film due to the lack of 
connections between AgNWs. When the AgNW density 
increases, the AgNWs inter-connect with each other, creating 
networks of AgNWs and resulting in enhanced conductivity and 
an increase in the figure of merit. However, when the AgNW 
density is too high, the loss of transmittance of the films is 
relatively large compared with the enhancement of the 
conductivity, leading to decrease in the figure of merit. 
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Fig. 5 The haze curves of the AZO film and the AZO/AgNW/AZO 
hybrid films with various spin times (sp = 1, 2, 3, 5, 8) of the AgNW 
suspension. 


Table 1 Comparison of the electrical and optical properties of the AZO and AZO/AgNW/AZO hybrid films grown on the PET substrate 


Spin-coating T400-1200 nm T550 nm Sheet resistance Haze (%) at Figure of merit 
times (%) (%) (Q sq~*) 550 nm (107? Q74) 

0 83.3 94.9 308.7 4.2 1.9 

1 79.7 90.9 222.3 8.4 157 

2 74.0 83.8 62.4 12.1 267 

3 71.3 80.5 27.6 14.9 4.1 

5 63.7 71.6 11.0 20.8 3.2 

8 60.0 67.4 6.4 26.0 3.0 
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In addition to transmittance and sheet resistance, haze is 
also an important factor to quantify transparent conducting 
films. Fig. 5 shows haze curves of a pure AZO film and hybrid 
films. The pure AZO film exhibits relatively uniform haze due to 
the smooth surface and low light scattering. The haze values of 
hybrid films increase with wavelength, rapidly reach the 
maximum at approximately 450 nm, and then gradually 
decrease across the visible spectrum. These effects are likely due 
to AgNWs covered by the AZO grains interacting with short 
wavelength part of visible light.** In addition, the haze can be 
finely tuned by varying AgNW density as seen in Fig. 4 and Table 
1. For the sample AZO/8AgNW/AZO, the haze value reaches 
26%, which is triple that of the pure AZO film. 


3.4 Mechanical properties of AZO/AgNW/AZO hybrid films 


To compare the mechanical flexibility of the pure AZO film and 
AZO/AgNW/AZO hybrid films, a tension bending test was per- 
formed using a homemade instrument with a bending radius of 
approximately 3 mm. Fig. 6a shows the changes in sheet resis- 
tance expressed as (R — Ro)/Ro, where Ry is the initial sheet 
resistance and R is the sheet resistance after bending as a 
function of the number of bending cycles. Fig. 6b shows the 
AZO film cracks after a bending test, which results in a sharp 
increase in sheet resistance. However, the AZO/3AgNW/AZO 
hybrid film maintained a constant resistance even after 500 
bending cycles due to the superior flexibility of the embedded 
AgNWs.* The AgNWs reinforced the AZO layers and protected 
them from cracking as shown in Fig. 6c. To evaluate the 
performance of hybrid films after the bending test, we fabri- 
cated a simple electronic circuit on photo-paper by inkjet 
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Fig. 6 (a) Changes in the normalized sheet resistance during the 
tension bending test for the AZO film and the AZO/3AgNW/AZO hybrid 
film on the PET substrate. The inset shows a schematic of the tension 
bending test (bending radius r ~ 3 mm). (b) SEM images of the AZO 
film. (c) AZO/3AgNW/AZO hybrid film after 500 repetitions of the 
bending test. (d) Working LED device with the bending AZO/3AgNW/ 
AZO hybrid film after 500 repetitions of the bending test. 


printing according to our previous work*® and put the AZO/ 
3AgNW/AZO hybrid film and LEDs into the circuit. As shown in 
Fig. 6d, the bending film after 500 repetitions of the bending 
test can still carry through current to power the LEDs, wherein, 
the background logo of Chinese Academy of Sciences and LEDs 
can be clearly seen through this hybrid film. This result indi- 
cates that AZO/AgNW/AZO hybrid films have potential applica- 
tions in flexible electronic devices. 

Another issue that limits the applications of the AgNW films 
is adhesion failure. The adhesion test of the hybrid film is 
shown in Fig. 7a. The region to the right of the red line was 
treated with 3M taping (sticking on and peeling off), and the 
region to the left of the red line was not treated. No obvious 
changes in the surface were observed after testing. For 
comparison, the pure AgNW film left few AgNWs after the test, 
as shown in Fig. 7b. This result can be explained by the fact that 
the AgNWs are tightly capped by the top AZO layer and 
embedded into AZO layers to prevent them from detachment. 


3.5 Thermal stability of AZO/AgNW/AZO hybrid films 


The thermal stability test was performed by measuring varia- 
tions in sheet resistance of films as a function of time at a 
temperature of 100 °C in air, as shown in Fig. 8. The sheet 
resistance of pure AgNW films exhibited exponential growth 
with increase in the heating time. It reached 10 MQ after 
24 hours, far beyond what is reasonable for application in 


Fig.7 SEM images comparing (a) AZO/8AgNW/AZO and (b) the AGNW 
film before (left of the red line) and after (right of the red line) the 3M 
taping test. 
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Fig.8 Variations in sheet resistance of a pure AgNW film and the AZO/ 


3AgNW/AZO hybrid film as a function of the time at a temperature of 
100 °C in air. 


devices. It is well known that the AgNWs will fail when heated in 
air due to oxidation or corrosion. However, only very slight 
decrease in sheet resistance (from 27.6 Q sq™* to 26.5 Q sq~’*) 
was observed for the hybrid film after 24 hours due to the AZO 
cover protecting the AgNWs from oxidation and heat treatment 
enhancing the connection between AZO and AgNWs. This 
indicates that the hybrid films possess high thermal stability 
compared with the pure AgNW film. 


4 Conclusions 


In summary, we fabricated flexible TCFs with an AZO/AgNW/AZO 
sandwich structure on a PET substrate. By adjusting the number 
of spin cycles of the AgNW suspension, a typical hybrid film with 
an optical transmittance of 80.5% (excluding PET substrate), a 
sheet resistance of 27.6 Q sq +, a figure of merit of 4.1 x 10 *Q7* 
and a haze of 14.9% was obtained. In the presence of AgNWs, the 
hybrid films exhibited enhanced flexibility and larger optical 
haze compared with the pure AZO film, which is beneficial for 
applications in flexible electronic devices. The AZO layers covered 
the AgNW holes to tighten the junctions of AgNWs and thus 
enhance the conductivity. Furthermore, the hybrid films passed 
the adhesion test and no obvious resistance changes were 
observed after 24 h in air at a temperature of 100 °C. Due to high 
transparency, thermal stability, excellent conductivity, low cost, 
and desirable flexibility, the hybrid TCFs with the AZO/AgNW/ 
AZO sandwich structure demonstrate the potential for applica- 
tions in high-performance, flexible electronics, energy storage, 
photovoltaic devices, etc. 
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